
contents of the flask was transferred to 
100 ml of tryptic soy broth (TSB) con- 
taining 25 ,tg of labeled methylmercury 
bromide, [2?3Hg]CH3HgBr (MMB), 
with a radioactivity of 1.71 X 10 dis- 
integrations per minute. Figure 2 de- 
picts the evolution of Hg? during the 
growth of the mixed culture as com- 
pared to that of an uninoculated con- 
trol containing MMB. Analysis of the 
contents of the flask after 170 hours 
of incubation indicated the complete 
disappearance of methylmercury. (The 
methylmercury was completely re- 
covered from the control flask.) The 
discrepancy arising from the fact that 
only 42 percent of the methylmercury 
added was recovered (as Hg?) although 
all the methylmercury had disappeared 
from the flask contents may be ex- 
plained in terms of the radioactivity 
present in the cell fraction (6, 7). 

Serial dilutions of the mixed culture 
from the TSB flask were plated out on 
tryptic soy agar, and representative 
colonies were selected from high-dilu- 
tion plates. After the cultures had been 
purified by streaking, they were tested 
for methylmercury degradation by in- 
cubation in TSB containing 0.25 part 
per million (ppm) of labeled MMB (ra- 
dioactivity, 1.03 X 106 disintegrations 
per minute). Four of these cultures de- 
graded methylmercury, as shown in 
Fig. 3. Although these species have not 
been characterized, all were short, 
Gram-negative rods and appear to be 
Pseudomonas sp. 

The pseudomonads isolated appear 
to be quite similar to the species iso- 
lated from soil by Tonomura et al. (7) 
and reported to convert organomer- 
curials to metallic mercury and an or- 
ganic moiety. More recently, the en- 
zyme system involved has been isolated 
(8) and characterized by Japanese 
workers (9). 

The degradation of methylmercury 
was further verified by short-term incu- 
bation of cultures that degraded methyl- 
mercury with 25 ,ug of MMB in closed 
flasks containing 50 ml of TSB medium. 
The head space gases were analyzed 
for methane by flame-ionization gas 
chromatography with an OV-1 column. 
Methane was produced by the four 
cultures with concomitant volatilization 
of mercury, an indication that the 
methylmercury was degraded to meth- 
ane and Hg?. No methane was pro- 
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Fig. 3. Degradation of methylmercury by 
pure cultures isolated from sediment. 
Volatile mercury was monitored in a trap 
containing HgBr2 and KBr attached to the 
flask. Curves are shown only for cultures 
that degraded methylmercury. 

1-2) was confirmed by mass spectrom- 
etry. Head space gases from an inoc- 
ulated control without methylmercury 
and an uninoculated control containing 
5 ppm of MMB did not contain Hg?. 

The results indicate that demethyla- 
tors are present in mercury-containing 
sediments and could be responsible for 
the degradation of at least some of the 
methylmercury produced in sediments. 
Thus these organisms may serve a use- 
ful purpose in maintaining the environ- 
mental methylmercury concentrations 
at a minimum. However, data are not 
available in the literature on the pre- 
valence of such organisms in the 
aquatic environment or the conditions 
which might favor their growth. We 
have isolated some 200 cultures from 
various sediments and environmental 
samples taken from areas where fish 
containing methylmercury have been 
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found. The results of experiments, cur- 
rently in progress, with these isolates 
will be presented elsewhere (10). 
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properties of serum lipoproteins have 
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Spectra of Human Serum Lipoproteins 

Abstract. Human serum lipoproteins have been studied by Fourier transform 
nuclear magnetic resonance of carbon-13 in natural abundance. Spectra of high- 
density, low-density, and very-low-density lipoproteins were recorded and partly 
assigned. The prominent features of these spectra reflect the qualitative and 
quantitative composition of the lipid moiety of these complexes. The results 
suggest that carbon-13 nuclear magnetic resonance will be a useful technique for 
studies of the structural and dynamic parameters of lipoproteins. 
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Fig. 1. Natural abun- 
dance 13C Fourier 
transform NMR 
spectra of aqueous 2 1417 
human serum lipo- 11 9 

proteins at 15.18 3 
Mhz. Spectra were A 4 5 79 
recorded under con- 
ditions of proton de- 
coupling in spinning 
20-mm sample tubes, 
at 40?C with a re- 
cycle time of 3 sec- 45 17 21 
onds. Chemical shifts 
are given in Table 1. 2 

9 

(A) VLDL, 80 mg/ 6 7 22 
ml, after 8,192 ac- 

7 
1 

19 
cumulations; (B) 23 
LDL, 110 mg/ml, 
after 16,384 accumu- 
lations; and (C) 7 21 26 
HDL, 125 mg/ml, 17 
after 16,384 accu- 
mulations. 3 

f1b . 9 CL ' 1 27 

Table 1. Chemical shifts and assignments of the '3C resonances of human serum lipoproteins. 
The abbreviations VLDL, LDL, and HDL stand for very-low-density, low-density, and high- 
density lipoproteins, respectively. Chemical shifts are in parts per million (ppm) upfield from 
CS2. The terminal methyl group of fatty acyl chains at 178.5 ppm upfield from CS, (11) was 
used as the internal reference. Unless otherwise noted, the assignments refer to the fatty 
acyl chain. The numbers in parentheses after the shifts for VLDL, LDL, and HDL designate 
the peaks in Fig. 1, A, B, and C, respectively. Model values are chemical shifts in a model 
compound; Glu, glutamic acid; C, the specific carbon the assignment is for. 

Chemical shift (ppm) 
_--------------------- . . ~~~~~~~~Assignment 

VLDL LDL HDL Model 

11.6(1) 11.3' Glu carboxyl 
18 (2) 15-23f Protein carbonyl 

18.8(1) 18.8(3) Carbonyl* 
20.6(1) 21.1(2) 21.1(4) 19.4?, 19.7? Carbonyl 

52.7(3) 52.7(5) 52.611 Cholesterol C5 
62.8(2) 62.8(4) 62.8(6) 62.5?, 62.3? -CH = CH-CH-CH,- 
64.5(3) 64.5(5) 64.5(7) 64.5 -CH - CH-CH.-CH := CH- 

70.2(6) 70.0(8) 69.911 Cholesterol C6 
119.7(7) 119.7(9) 118.81! Cholesterol C3 

123.4(4) 123.511" Glycerol CH 
126.5(8) 126.2(10) 126.4# Choline CH2-N 

130.6(5) 130.4"1 Glycerol CH2 
132.9(11) 133.0# Choline CH2-O 

138.3(6) 138.4(9) 138.3(12) 138.4# Choline (CH3)3N 
150.2(7) 150.2(10) 150.2(13) 150.011 Cholesterol C13 
152.9(8) 152.6(11) 153.0(14) 152.711 Cholesterol C24' 
155.9(9) 156.0(12) 156.0(15) 155.811 Cholesterol C10 
158.7(10) 158.5(16) 158.531 CH,-CH,-CO-O 
160.5(11) 160.5(13) 160.4(17) 160.6 CH-CH 
160.9tt 160.9(14) 160.9(18) 161.0? -CHCH-- 

162.7(12) 162.7tt 162.7 62.7163.5?1 Fatty acyl (CH,),, 
163.1(13) 163.1(15) 163.1(19) 

164.6(16) 164.6(20) 164.311 Cholesterol C25 
165.3(14) 165.3(17) 165.3(21) 165.3 ? -CH-CH,-CH= CH- 
166.9(15) 166.9(18) 166.9(22) 166.8? -CH -CH-CH,-CH - CH- 
167.6(16) 167.3t* 167.3t* 167.61, 167.7? -CH,-CH,-CO- 

i69.8, 169.9? CCH3-CH-CH., 
169.8(17) 169.8(19) 169.8(23) 169.811, 169.6i1 Cholesterol C26, C27 

?? 173.1(20) 173.1(24) 173.21i Cholesterol C19 
?? 174'* 174.0(25) 173.611 Cholesterol C21 

178.5(19) 178.5(21) 178.5(26) 178.5? CHa-CH. 
180.7(22) 180.7(27) 180.511 Cholesterol C18 

* Glutamic acid, from Horsley et al. (15). The a-carbon chemical shift of glycine was taken at 151.1 
ppm upfield from CS2. f Aqueous proteins (4). $ Cholesteryl fatty-acyl ester, tentative assign- 
nent. ? Trilinolein in chloroform (11). [ICholesteryl acetate in dioxane-chloroform (9). i1 Trio- 
lein in chloroform (11). # Dipalmitoyl lecithin in D,,O (10). ** May also contain e carbon of 
lysine and 8 carbon of leucine in the spectrum of HDL. f" Peak slightly upfield from peak 11 
in Fig. lA. :,f Shoulder. ?? Peak in Fig. 1A, at about 173 ppm. 
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complexes and the nature of the lipid- 
protein interactions responsible for it 
remain uncertain. Preliminary efforts to 
study serum lipoproteins by employing 
proton magnetic resonance spectroscopy 
(2) have yielded rather little insight 
into these matters but do suggest that 
nuclear magnetic resonance (NMR) 
techniques have the potential of supply- 
ing important information. 

Relative to proton NMR, 13C NMR 

spectroscopy offers definite advantages 
for the study of structure at the level 
of complexity of lipoproteins. These in- 
clude (i) increased resolution, (ii) 
more readily assigned resonances when 
complete proton decoupling is em- 

ployed, and (iii) relative ease of ob- 
taining information concerning the seg- 
mental mobility of the molecules in- 
volved (3). Inherent disadvantages of 
13C NMR, namely poor sensitivity and 
low natural abundance of the 13C nu- 
cleus, have been partially overcome by 
the development of pulsed Fourier 
transform NMR instruments, the use 
of large sample tubes, and the digital 
accumulation of many individual scans. 
Nevertheless, systems of high molecular 
weight and significant structural com- 

plexity must be studied at rather high 
concentrations to obtain "tC NMR 

spectra of good quality in reasonable 
lengths of time (4). The recent devel- 

opment of a 20-mm probe (5) has 
significantly alleviated- these disadvan- 
tages by providing a threefold increase 
in sensitivity compared to conventional 
12-mm and 13-mm probes and has 

prompted the examination of serum 

lipoproteins by employing 13C NMR. 
Results of our preliminary studies are 
reported here. 

The NMR spectrometer consists 

mainly of a "home-built" pulsed NMR 

apparatus built around a Varian 14.2- 
kgauss electromagnet, corresponding to 
a ,IC frequency of 15.18 Mhz; a Fabri- 
Tek 1074 signal averager; and a Digital 
Equipment Corporation PDP-8/E com- 

puter. The probe uses spinning sample 
tubes of 20-mm outside diameter (5). 

Lipoproteins were prepared from 
freshly collected serum from healthy 
adults by the method of ultracentrifugal 
flotation in solutions of varying concen- 
trations of KBr containing about 5 X 
10 ---M ethylenediaminetetraacetic acid 
(6). Lipoproteins were isolated and 
purified in the following density ranges: 
very-low-density lipoproteins (VLDL), 
0.95 to 1.019; low-density lipoproteins 
(LDL), 1.019 to 1.063; and high-density 
lipoproteins (HDL), 1.063 to 1.21. The 

purity of the lipoproteins was examined 
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by electrophoresis on 2 percent agarose 
gels in a tris(hydroxymethyl)'aminometh- 
ane-glycine buffer, pH 8.6; in each 
case, only a single band was observed. 
Protein determinations were made by 
the method of Lowry et al. (7) and 
the results were employed to calculate 
lipoprotein concentrations, by using the 
known protein content of each lipopro- 
tein class (1, 8). Samples were pre- 
pared for NMR study by concentration 
of the isolated lipoproteins in an Ami- 
con cell with a PM 30 membrane, fol- 
lowed by exhaustive dialysis against 
0.01M phosphate buffer at pH 7.4. To 
retard deterioration of the samples, 
they were layeredwith argon, and 1 mg 
of sodium ampicillin was added per 
milliliter of sample. 

The proton-decoupled 1-C spectra of 
VLDL, LDL, and HDL are shown in 
Fig. 1. Assignments of the resonances 
(Table 1) are based on comparisons 
with known 1:C chemical shifts of pro- 
teins (4), cholesteryl acetate (9), leci- 
thin (10), and triglycerides (11). The 
most intense peaks in the spectra come 
from fatty acyl moieties, since these 
are present in all classes of phospho- 
lipids, cholesterol esters, and triglycer- 
ides. 

The VLDL group contains a large 
proportion of triglycerides, and this is 
reflected in the 13C spectrum, which 
resembles that of a triglyceride mixture 
(Fig. 1A). In contrast to the spectra 
of LDL and HDL, the VLDL spectrum 
shows the methine resonance of the 
glycerol moiety (peak 4 in Fig. 1A). 
Other than triglyceride resonances in 
the spectrum of VLDL, only the reso- 
nance of the choline trimethylammoni- 
um group (peak 6 in Fig. 1A) and a 
few weak cholesterol resonances (peaks 
7, 8, 9, and 18 in Fig. 1A) are observed. 

The spectra of LDL and HDL (Fig. 
1, B and C, respectively) are qualita- 
tively similar. The most prominent fea- 
tures can be assigned to fatty-acid, 
cholesterol, and choline resonances. The 
intense olefin peaks at 62.8 and 64.5 
parts per million (ppm) in all three 
spectra are indicative of the high con- 
tent of oleic and linoleic acids in hu- 
man serum lipoproteins (12). Choline- 
containing phospholipids account for 
the bulk, 80 to 90 percent, of all lipo- 
protein phospholipids (13); consequent- 
ly, the intensity of the -N(CH3)3 sig- 
nal at 138.3 ppm serves as an indicator 
of the content of lipoprotein phospho- 
lipids. This resonance is particularly 
strong in the spectrum of HDL, reflect- 
ing the high phospholipid content of 
this lipoprotein class. 
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Several strong single-carbon reso- 
nances of the cholesterol moiety are 
observed in the spectra of LDL and 
HDL, which contain appreciable 
amounts of cholesterol, mostly in the 
form of esters. The molar ratio of 
phospholipids to cholesterol (free plus 
ester) is more than twice as high in 
HDL than in LDL. Thus, the intensity 
of the choline peak relative to that for 
several cholesterol markers is signifi- 
cantly greater in HDL than in LDL. 

Although the HDL contain approxi- 
mately equal amounts of protein and 
lipid on a weight basis, the sharp fea- 
tures of the '3C NMR spectrum arise 
from the lipid components. A broad 
carbonyl signal (peak 2 in Fig. 1C) 
arises from the overlap of the many 
protein backbone amide carbonyls. The 
only other clearly visible protein fea- 
ture is the carboxyl resonance of the 
glutamic acid side chains (peak 1 in 
Fig. 1C). The lack of prominent pro- 
tein signals is due to two effects. First, 
lipids as a group contain fewer classes 
of carbon atoms than do the proteins. 
Second, a majority of protein carbons 
have short spin-spin relaxation times 
and consequently broad resonances (14). 
The narrow peaks in Fig. 1 arise from 
carbons with relatively long relaxation 
times (> 0.1 second). Long 13C relaxa- 
tion times are the result of short effec- 
tive rotational correlation times (as in 
the case of carbons with fast internal 
rotations) or the lack of directly at- 
tached hydrogens (3). Protein contri- 
butions to the spectrum of HDL come 
primarily from the carbonyl carbons of 
the polypeptide backbone, while the e 
carbon of lysine and the f carbon of 
leucine residues possibly contribute to 
the resonance at 153 ppm. Protein f 
and y carbon atoms may contribute to 
the broad absorption envelope from 155 
to 165 ppm but do not produce identi- 
fiable resonances. These conclusions are 
based partially on a ::C spectrum of 
apoHDL (spectrum not shown). 

The above considerations concerning 
3(C line widths explain the fact that 

the only clearly observed cholesterol 
resonances are those of the nonpro- 
tonated carbons (C5, C10, and C13) 
and those of protonated carbons which 
are expected to have fast internal reori- 
entation on the basis of "IC relaxation 
studies on cholesteryl chloride (3), 
namely C24, C25, and the methyl car- 
bons (C18, C19, C21, C26, and C27). 
Carbon 6 of cholesterol is the only 
"nonmobile" protonated carbon which 
yields a detectable broad resonance in 
the spectra of IDL and HDL (peaks 

6 and 8 in Fig. 1, B and C, respec- 
tively). The line width is about an order 
of magnitude greater than that of un- 
associated cholesterol derivatives (3). 
This result is indicative of the restricted 
mobility of the cholesteryl moiety in 
lipoproteins. 

These results establish that highly 
resolved 13C NMR spectra of human 
serum lipoproteins can be obtained and 
assigned, and that qualitative aspects 
of these spectra can be correlated with 
the lipid composition of the particular 
sample. The observations strongly sug- 
gest that it will be possible to measure 
dynamic properties of these structures 
through the use of "partially relaxed" 
Fourier transform spectra (3) and to 
relate these properties to lipid com- 
position. 
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